. In the past few years, advances in battery design and manufacture have led to batteries with high power densities, which have significantly increased the endurance of AUVs (Wilson & Bales, 2006) . At the same time, the development of new technologies made the AUVs more accurate. This book chapter aims to highlight theories and applications of technologies that are suitable for AUVs by literature review and a detailed AUV design. The chapter is therefore organized as follows. Firstly, Sections 2-6 provide an overview of the latest developments of five different subjects of an AUV, including: 1) the structure of AUVs; 2) controls and navigation; 3) propulsion, drive and buoyancy; 4) sensors and instrumentation of AUVs; and 5) power supply of AUVs. Next, Section 7 reports a relatively low-cost AUV recently developed at the University of Canterbury for shallow waters. Finally, future work and conclusions are given in Section 8.
Structure of AUVs
One of the most important aspects of an AUV is the hull. There are a number of different ways in which hull design can be approached (Allmendinger, 1990) . These different design methods are typically specific to the situation/task. The main hull must be able to meet a number of key challenges. Aspects that must be considered during hull design include:

Pressure and/or depth required  Operating temperature ranges  Structural integrity for additions and tapings  Impact conditions  Water permeability  Visual appeal and aesthetics  Accessibility  Versatility  Practicality  Restrictions for future additions  Size requirements  Corrosion and chemical resistance Among these considerations, the hull of the AUV must be able to withstand the hydrostatic pressure at the target depth. Furthermore, it is desired that the hull is designed in such a way that the drag is minimized. When the vehicle moves at a constant speed, the thrust force is equal to the drag force. The less drag the AUV experiences, the less propulsive power is needed. These two requirements, the ability to withstand the hydrostatic pressure and the minimization of the drag, are dependent of the shape and size of the vehicle. The hydrostatic pressure is given by Equation (1). P = P a + gh (1) With P the hydrostatic pressure in N/m 2 , P a the atmospheric pressure at sealevel in N/m 2 ,  the density of the water in kg/m 3 , g the gravitational acceleration in m/s 2 and h the depth in m. The hydrostatic pressure increases with approximately 10 5 N/m 2 per 10 meters. The hull must be able to withstand this force. A sphere is probably the first shape that comes into ones head, it is a good shape for withstanding pressure, but not for stability (Paster, 1986) . A circular cylindrical hull is a good shape to resist the pressure (Ross, 2006) . Many of the current AUVs have a circular cylindrical hull including the most popular in military and scientific use, the REMUS100 (Hsu et al., 2005; Evans & Meyer, 2004; Maurya et al., 2007) . Some examples are shown in Figures 1. to 3. (Monteen et al., 2000) Fig. 3. The Seahorse AUV (Tangirala & Dzielski, 2007) Some of the advantages of a cylindrical hull are (Ross, 2006) :
It is a good structure to resist the effects of hydrostatic pressure;  Extra space inside the hull can be achieved by making the cylinder longer;  It is a better hydrodynamic form than a spherical form of the same volume; and  It can be easily docked.
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The disadvantages of a cylindrical hull are the cavitation (Paster, 1986) , and the instability of the vehicle (Ross, 2006) . Cavitation is a phenomenon caused by the pressure distribution generated by the moving vehicle. The difference in local velocity of the body surface results in a pressure distribution. The point that has the maximum rate of change in curvature of the body has the negative minimum pressure. If this pressure reaches the vapor pressure of water, the water will start to boil. The bubbles formed by this boiling collapse when they reach the point where the pressure increases again. The collapse of the bubbles generates very high pressure. This leads to high noise levels and the possibility of damaging the vehicle (Paster, 1986) .
Every object that moves in the water experiences drag force. This drag force (in Newton) is given by Equation (2).
With  the density of water [kg/m 3 ], v the velocity of the vehicle in m/s, c d the unitless drag coefficient of the vehicle and S the surface area of the vehicle normal to the moving direction in m 2 . The drag coefficient is dependent on the shape of the underwater vehicle. The nose of the circular cylinder used to be spherical, but this caused instability and cavitation (Paster, 1986) . The shape of the nose was finetuned to resemble the front of a teardrop (Paster, 1986) . A good hydrodynamic body shape design will reduce the drag and improves the range of the vehicle by 2 to 10 times, according to (Paster, 1986) . Another choice that needs to be made in the design phase, is the choice for the material of the hull. The material should have a good resistance to corrosion, have a high strength to weight ratio and must be affordable. In the past, the most used material was steel. In (Ross, 2006) four materials are compared; high strength steel, aluminium, titanium and composites. The advantages of high strength steel are the price and the fact that it is commonly used, so there is much knowledge of it. The major disadvantage of steel is the low strength to weight ratio. Aluminium has a better strength to weight ratio than steel and is widely available. The drawback of aluminium is that it is anodic to most other structural alloys, making it vulnerable to corrosion. The strength to weight ratio of titanium is even better than that of aluminium, but it is an expensive material. The most commonly used composite for marine vehicles is glass-fiber reinforced plastic (GFRP). GFRP is cheap with respect to other composites and has a very high strength to weight ratio. Carbon fiber reinforce composites (CFRP) are about 3 times more expensive than GFRP, but have a much higher tensile modulus than GFRP. Metal matrix composites (MMC) have a lot of advantages over GFRP and CFRP but are still in the development phase, making them very expensive (about 15 times more expensive than GFRP). Another material that can be used for AUVs is acrylic plastic. Acrylic is already the most used material for pressure resistant viewports (Stachiw, 2004) . The main advantages of acrylic are that it does not corrode and has a good strength to weight ratio. Furthermore, acrylic is transparent and there are acrylic submersibles that operate at depths up to 1000 meters below the surface.
AUVs that have an operating depth of tens of meters can also be constructed of PVC. The material is widely available and very cheap. With a hull made of PVC it is also easy to mount components on it (Monteen et al., 2000) . Table 1 . Material properties, from (Ross, 2006) and (Stachiw, 2004) According to numerous authors the cylindrical shape is a very good one for an AUV. In the future MMC may be the best choice for the material, but until then GFRP is a good choice for AUVs. If the operating depth is only tens of meters, PVC is a good and cheap alternative.
Controls and navigation
An AUV must be able to operate autonomously. In order to achieve this it is essential that the computer in the AUV knows its current location at all time. This can be done by means of an accurate navigation system. Another reason that the AUV has got to know its location is because of the fact that gathered data is pretty much useless if the location from which it has been acquired is unknown (Leonard et al., 1998) . To navigate properly a good, accurate controller is necessary for which first a mathematical model of the AUV is needed. The basic model for the AUV is described in Equation (3).
Where M is the inertia matrices for rigid body and added mass,  = [x, y, z, , , ] T the position and orientation (Euler angles) in inertial frame,  = [u, v, w, p, q, r] T the linear and angular velocities in body-fixed frame, C is the Coriolis matrix for rigid body and added mass, D is the quadratic and linear drag matrix, g is the buoyancy and gravity forces,  is the thruster input vector and J is the coordinate matrix which brings the inertial frame into alignment with the body-fixed frame. The model is described in detail in (Fossen, 1994) . When a model is made for the vehicle it is possible to design a controller. For low speed vehicles, the horizontal and vertical movements can be decoupled, which makes the model of the vehicle less complex (Maurya et al., 2007; Williams et al., 2006; Ridao et al., 2001) . Because a single fixed linear controller is not sufficient to deal with all the vehicle dynamics, a gain-scheduled controller is often used (Kaminer et al., 1995) . First, a number of controllers are designed for a finite number of linearized models using H  -control. H  -control rests on a good theoretical basis and offers clear guidelines to achieve robust performance in the case of uncertainties in the plant (Zeng & Allen, 2004; Fryxell et al., 1996) . These controllers are then combined using gain-schedule on some variables, making the overall controller a linear time-varying system. In multiple articles (e.g. Zeng & Allen, 2004; Jalving, 1994) three different controllers are designed. One is used to control the speed, the other for the heading and the last one for the depth. In (Valavanis et al., 1997) four different architectures for control are described. The hierarchical architecture is a top-down approach which uses levels. The higher levels are responsible for overall mission goals, while the lower levels solve particular problems. It has a serial structure, which means that the higher levels send commands to lower levels. It is a well-defined structure, but has a lack of flexibility. The heterarchical architecture is a parallel structure. It has flexibility and is suitable for parallel processing. However, due to lack of supervision the communication can be intensive. With the subsumption architecture the different behaviors work in parallel, however one layer can subsume another layer. This architecture is robust and exhibits true dynamic reactive behavior. The disadvantage is the difficulty to synchronize the system. Finally, the hybrid architecture is a combination of the three architectures. It is divided into two levels. The higher level uses hierarchical architecture while the lower uses either heterarchical or subsumption to control the hardware. It combines the advantages of the three architectures and is used in many vehicles (Williams et al., 2006; Valavanis et al., 2997; Gaccia & Veruggio, 2000) . (Gaccia & Veruggio, 2000) makes use of an inner and an outer control loop. The inner loop is used for the control of the velocity and the outer loop is used for guidance control and to set the reference velocities. When a controller is designed for the vehicle, the navigation system can be implemented. According to (Stutters et al., 2008 ) the accuracy of position estimation will degrade over time if the position of the AUV is not externally referenced. The lack of easy observable external references makes AUV navigation very difficult. Leonard et al. (1998) describes the three primary methods of navigation, dead-reckoning and inertial navigation systems, acoustic navigation and geophysical navigation techniques. The sensors and instrumentation used for the measurement of the different variables are described in Section 5. Dead-reckoning integrates the vehicle velocity in time to obtain the position. The information is then processed by a Kalman filter which gives an estimate of the current position. The velocity measurement can be affected by sea currents, so operations near the seabed use Doppler velocity logs (DVL, see Section 5) to measure the velocity with respect to the ground. Inertial navigation uses the acceleration of the vehicle and integrates this twice. This is more accurate then the velocity measurement, but the initialization can be difficult (Lee et al., 2007) . The problem with both systems is that the position error increases as the distance traveled increases. This can be solved by surfacing the vehicle from time to time to obtain the correct position via GPS, but this is not always an option. There are some vehicles, using DVL, that are accurate to 0.01% of the distance traveled (Leonard et al., 1998) . A typical block diagram of an inertial navigation system is shown in Figure 4 . Acoustic navigations use external transducers which return the acoustic signal send out by the vehicle. The travel time of the signal determines the position of the vehicle. However, reflections and differences in signal speed can negatively influence the measurement. Geophysical navigation uses a priori knowledge of terrain to identify the current position.
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The disadvantage of this system is that the maps of the terrain must exist, and this is not always the case. It also requires a lot of computational power to find the current position. To minimize this, the sys tem can be used in combination with dead-reckoning to limit the search area. The reliability of the system depends on the accuracy of the a priori map. With concurrent mapping and localization the vehicle builds up a map of its environment and uses that map to navigate in real time. For short-range missions, up to 10km, calibrated inertial navigations systems can provide sufficient accuracy. The system can be extended with a DVL. For longer missions, up to 100km, the path taken by the AUV has a large effect on the accuracy. Concurrent mapping and localization works well for these missions, as long as the path contains many crossover points the technique corrects inaccuracies. Above 100km a geophysical navigation system is the only suitable solution. However, this technique is limited by the availability of maps (Stutters et al., 2008) .
Propulsion, dive and buoyancy
The most common form of propulsion is via thrusters. For vertical movement thrusters or variable buoyancy systems can be used. The thrusters provide more accuracy and a faster response. If it is not a problem that the vehicle has to move horizontally in order to move vertically the vehicle can also use a single thruster for both the horizontal and vertical movement with the use of diving planes or a robotic wrist. The kind of propulsion, the drive and the choice for the buoyancy are of great influence on the dynamics of the vehicle. There are a lot of choices that have to be made in the design phase. The horizontal movement of an AUV is usually empowered by thrusters. One of the reasons for this is that most underwater vehicles are powered by batteries (Smith et al., 1996) (see Section 6 for more information). In (Valavanis et al., 1997) , 25 AUVs are described, of which the majority use thrusters for propulsion. The vertical movement can be done with thrusters or by a variable buoyancy system. The buoyancy of an AUV is the upward force on the vehicle that is caused by the surrounding water. If the buoyancy force is equal to the gravitational force on the vehicle, the vehicle is said to be neutral buoyant. It will neither sink nor rise. When thrusters are used, the vehicle has neutral buoyancy (Serrani & Conte, 1999) . The vehicle is then able to move vertically by using the thrusters. One of the advantages of this method is that the vehicle is able to hover without propulsion. A disadvantage of the technique is that the thrusters must remain on will moving vertically, thus consuming power. There are four static and dynamic diving principles (Wolf, 2003) : i) a piston type ballast tank; ii) a hydraulic pump based ballast system; iii) an air compressor based system; and iv) direct thrust systems. The first three concepts come from static diving technology, while the last concept is a dynamic diving technology. The piston ballast tank ( Figure 5a ) is one of the most common static diving methods applied in submarine modeling. A piston ballast tank consists of a cylinder and a movable piston, and it works as a large syringe pump. With one end of the cylinder connected to surrounding water, movement of the piston sucks water in or pushes it out. When water fills the tank, negative buoyancy is achieved, so the AUV starts to descend. Conversely, when the tank is emptied, the AUV is positively buoyant, so it ascends. This setup also allows control of pitch motions of the AUV. Moreover, the pistons can be moved by a linear actuator, which is electrically easy to control. Hence, accurate depth control can be achieved with proper, yet straightforward, programming. A hydraulic pumping system (Figure 5b ) is similar to the piston ballast tank, but uses an internal reservoir of hydraulic fluid and a pump to actuate the piston's linear motion. Control of the valves and the pump for the hydraulic fluid allows it to flow in and out of the cylinders, so the surrounding water can be pumped in and out. Consequently, buoyancy of the AUV is changed. Air compressor systems are commonly used in some classes of submarine. The system is composed of a storage tank of compressed air, a water tank and two valves that are normally closed. To descend, the vent valve is opened, so the pressure difference results in water flowing in from the opening in the bottom of the water tank. When a desired amount of water is obtained for ballast, the vent valve is closed. In order to force the water out, the blow valve is opened to allow the compressed air into the tank so that water is pushed out via the bottom opening. Thus, by letting the water in and out of the water tank, the buoyancy of the AUV is changed. Thrusters are a dynamic diving method. They require the AUV to be near neutrally buoyant. This approach uses the vertically mounted thrusters to force the AUV to dive. Turning off the thrusters or using them at a thrust less than the positive buoyancy allows controlled ascent. However, this method consumes a lot of power to keep the AUV under water, as the thrusters must remain powered at virtually all times. Being positively buoyant, however, this method is intrinsically failsafe, as the vehicle will come to the surface in the event of a power failure. With a variable buoyancy system the vehicle is able to vary its buoyancy. The system usually contains a number of tanks that can be filled with water or gas. With this system the vehicle is able to move vertically by changing its buoyancy. Vertical movement and hovering is then possible without propulsion. The drawback of the system is that it is not as accurate as using thrusters. In (Tangirala & Dzielski, 2007) a variable buoyancy system is described that consists of two water tanks with pumps and valves. If more negative buoyancy is needed, the tanks are open to seawater. If positive buoyancy is needed, the water is pumped out of the tanks. In (Wasserman, 2003) a vehicle is proposed that uses air to acquire more positive buoyancy. The vehicle has a tank which can be filled with air coming from a compressed air tank. Water is drained from the tank when it is filled with air and more positive buoyancy is generated. There are also vehicles that use only one thruster for propulsion and do not have a variable buoyancy system (Cavallo & Michelini, 2004; Maurya et al., 2007) . The vehicle described in (Cavallo & Michelini, 2004 ) uses a robotic wrist to position the thruster. This enables the vehicle to move horizontally and vertically. The vehicle is not able to move vertically without moving horizontally; however it is able to do vice versa. The vehicle described in (Maurya et al., 2007) cannot move vertically either without moving horizontally (again, vice versa it can), but instead of using a robotic wrist, it uses diving planes to move vertically.
Sensors and instrumentation
As described in Section 3 it is essential for an AUV to know its current position. In order to calculate that position a number of sensors are necessary. The most common sensor is a pressure sensor, it is used to measure the external pressure experienced by the vehicle. This pressure can be converted to a depth (Williams et al., 2006) . For dead-reckoning navigation the vehicle speed is needed. There are numerous ways to measure the speed of the vehicle. Usually the velocity is measured using a compass and a water speed sensor. In (Modarress et al., 2007) a sensor is described which can measure the speed of the vehicle using particles that are present in the water. The speed of the particles is measured with diffractive optic elements. Small particles pass through two parallel light sheets and scatter light. The scattered light is collected and the speed of the particles is computed using the time-of-light www.intechopen.com and the physical separation of the two light sheets. The sensors are small, very accurate and insensitive for temperature changes and water pressure (Modarress et al., 2007) . The problem with these techniques is that sea currents can add velocity components which are not detected by the speed sensor (Leonard et al., 1998) . For operations near the seabed, Doppler velocity logs (DVLs) can be used to measure the vehicle's velocity with respect to the ground. With these measurements the accuracy of the position estimation by the Kalman filter can improve greatly (Leonard et al., 1998; Lee et al., 2007) . A DVL measures the Doppler shift of sonar signals reflected by the ground to obtain the velocity (Keary et al., 1999) . The system becomes less accurate at low speeds. The correlation velocity log (CVL) is based on the same principle as the DVL, but emits two pulses in close succession. The echoes from the seabed are compared and used to calculate the velocity. This technique is more accurate at low speeds (Keary et al., 1999) . Both systems are not influenced by sea currents. The inertial navigation system (INS) uses accelerometers and gyroscopic sensors to detect the acceleration of the vehicle (Stutters et al., 2008) . The measurements are not influenced by sea currents and are therefore more accurate. However, the system is more expensive than the velocity sensors (Leonard et al., 1998) . INSs used to be equipped with mechanical gyroscopes. The latest INS uses laser gyroscopes or fiber optic gyroscopes that have no moving parts. This means no friction, leading to more accuracy. In (Fauske et al., 2007) sensor fusion is used to provide more accuracy to the INS. An error-state Kalman filter estimates the drift of the inertial sensors, using external information as measurement, e.g. a DVL and position updates by a mother ship, see Figure 4 . With the use of more sensors for a number of parameters, a higher accuracy is achieved (Majumder et al., 2001) . Another aspect for which sensors are needed is obstacle detection. The vehicle must be able to detect obstacles before crashing into them. According to (Majumder et al., 2001) underwater cameras and active sonar are two of the most common sensors for obstacle detection. (Majumder et al., 2001 ) also states that there should always be at least two sensors, because in a sub-sea environment the information from one sensor can be of poor quality. Therefore, in the technique proposed both the information from the sonar and the camera are used for obstacle detection. Ultrasonic/acoustic sensor systems allow detection of objects far beyond the range of video. Current AUVs detect objects with long range sonar. Lower frequency waves suffer less attenuation in water than higher frequencies. However, the resolution for imaging sonars is better at higher frequencies (Toal et al., 2005) . In (Toal et al., 2005) a new technique is proposed using optical fibers for object detection. Two different sensors are used: one provides information without contact, the other provides information using contact with the object. The first is an extrinsic sensor which transmits light from the sensor end, if there is an object the light will reflect and received by a detector. The second sensor is an intrinsic sensor which does not transmits the light but contains the light within the fiber. A deformation of the fiber, so if the fiber touches an object, has a detectable effect on the light within the fiber. The vehicle described in (Williams et al., 2006) has two sonars. One is used for the determination of depth and obstacle detection. The other is an imaging sonar, which is used to build a map of the environment.
The main sensors for an AUV are a depth sensor, a compass and a speed sensor. With these sensors the vehicle can estimate its position. It is desirable to equip the vehicle with a Doppler velocity log to increase the accuracy of the estimates. Inertial navigation systems www.intechopen.com with laser or fiber optic gyroscopes are more expensive but also more accurate than the standard speed sensors. Sonar, underwater cameras or optical fibers can be used for obstacle detection.
Power supply
As mentioned in Section 1 an AUV must contain its own power. The most common power supply for AUVs is batteries (Smith et al., 1996) . A number of AUVs use fuel cells for their power supply (Takagawa, 2007; Haberbusch et al., 2002 ) and a few use solar power (Jalbert et al., 2003) . The advantages of using an electric propulsion over thermal propulsion are silent operation, ease of speed control and the simplicity (Smith et al., 1996) . The silver zinc battery was the most used power source in AUVs for 40 years (Smith et al., 1996; Winchester et al., 2002) . But due to recent developments in lithium-ion batteries this has changed (Wilson & Bales, 2006) . In (Bradley et al., 2001 ) different sorts of batteries are summarized. Batteries can be either primary or secondary, meaning non-rechargeable and rechargeable respectively. Most batteries described in the paper are secondary because the majority of batteries in AUVs are rechargeable. Primary batteries usually have a better endurance than secondary, but are more expensive in use.
The most common primary battery is alkaline. It is cheap and easy to work with. However they outgas hydrogen and are temperature sensitive. The lithium primary battery has a very high energy density, but is expensive. Of the secondary batteries lead acid cells are the easiest to work with, but they also leak hydrogen. Nickel cadmium cells are well known and have a flat discharge curve, but it is difficult to determine the state of charge. Nickel zinc cells have a good cycle life and a good energy density. Lithium-ion cells have the highest energy density of the secondary cells. However the circuitry to operate them in a system is complex. Silver zinc cells can handle high power spikes, but are expensive and have a very limited cycle life. As stated before the developments in the technology for lithium-ion batteries made them an attractive alternative to the silver zinc batteries (Wilson & Bales, 2006 ). An overview of the batteries and their characteristics is given in Table 2 . Usually every load has its own inverter which is powered directly from the main bus (Bradley et al., 2001) , as opposed to the situation where the batteries powers several inverters that generate the voltages needed by the different components. This is because inverters are inexpensive and efficient. Takagawa (Takagawa, 2007 ) describes a fuel cell for the power supply of the AUV. The fuel cell has a fairly larger capacity than batteries, but the problem with the system is that it is required to be installed in pressure vessels. Also proposed is a mechanism similar to the pressure compensation mechanism used in batteries, for the fuel/oxidant container. The system is small compared to systems using pressure resistant containers. Hydrogen peroxide has already been used with pressure compensation mechanism and is therefore chosen as oxidant, methanol is selected as fuel. The system can be used for underwater vehicles with a very long cruising capability (~10, 000km). The fuel cells can also reduce the logistics burden of the vehicle if the fuel and oxidant are stored in a high density format. Fuel cells that operate on hydrogen and oxygen are attractive power sources for AUVs because they are efficient, quiet, compact and easy to maintain. The total energy delivered by a fuel cell is limited only by the available fuel and oxygen (Haberbusch et al., 2002) .
In (Jalbert et al., 2003) an AUV is described that operates on solar power. The main advantage is of course that the vehicle can stay in the water for months without having to be recharged. The vehicle surfaces daily to recharge its lithium-ion batteries. The most commonly used power supply for AUVs nowadays is lithium-ion batteries. If a long operation time is required fuel cells are a good alternative. For very long operation times, solar power in combination with lithium-ion batteries is a good choice. Table 2 . Battery chemistries and their characteristics (Bradley et al., 2001) 7. Canterbury AUV
Background
As more than half of our oceans are deeper then 3km, one direction of the AUV developments is to explore deep waters. However, development of such AUVs imposes extreme design specifications for the hardware (Uhrich & Watson, 1992) , incurring an unaffordable cost for most labs. By contrast, AUVs for shallow waters recently have gained more attention because of their potentially wide use combined with affordable cost. At the University of Canterbury, an AUV prototype has been recently designed with the primary purpose for inspecting and cleaning the sea chests of ships (Figure 6a ), an application with significant impact in the area of bio-security. Sea chests are the intake areas in the hulls of ships for seawater used for ballast, enginecooling and fire-fighting. Grates on the outside of the chests prevent large organisms from being entrained in the water but many smaller organisms (Figure 6b ) survive in the sea chests and are transported around the world creating a bio-security risk. The New Zealand government has placed a high priority on the development of systems and tools to protect native flora and fauna against invasion by unwanted foreign organisms. To optimize the knowledge of, and reaction to, this threat, the first task is to inspect the sea chests and collect information about the invaders. Currently, divers are sent to do the job, which has inherent problems, including: i) high cost, ii) unavailability of suitably trained personnel for the number of ships needing inspection, iii) safety concerns, iv) low throughput, and v) unsustainable working time underwater to do a thorough job. To reduce the working load of divers and significantly accelerate inspection and/or treatment, it would be highly desirable and efficient to deploy affordable AUVs to inspect and clean these ship sea chests. Thus, this paper presents a low cost AUV prototype emphasizing the unique design issues and solutions developed for this task, as well as those attributes that are generalizable to similar systems. Control and navigation are being implemented and are thus not covered here. Figure 7 . shows the AUV prototype (weighing 112kg, positively buoyant), which consists of basic components, including main hull, two horizontal propellers, four vertical thrusters, two batteries, an external frame, and electronics inside the main hull. This section focuses on the hull design.
Hull design
www.intechopen.com The foremost design decision is the shape of the hull. Inspired by torpedoes and submarines, a cylindrical hull has been selected. A cylinder has favourable geometry for both pressure (no obvious stress concentrations) and dynamic reasons (minimum drag). To make the hull, three easily accessible materials were compared. The first option is to use a section of highly available PVC storm water pipe. The second option involves having a hull made from a composite material, such as carbon fibre or fibre glass. Mandrel spinning of such a hull will allow more freedom in radial dimensions. The process can in fact incorporate a varying radius along the length resulting in a slender, traditional hull. However, this process requires a large amount of design and set up time. A less desirable third option is to use a section of metal pipe, which is prone to corrosion and has a high weight and cost. As a result, the PVC storm water pipe option was selected. Two caps were designed to complete the hull, and are attached to each end of the pipe such that they reliably seal the hull. The caps also allow access to the interior for easy repair and maintenance. The end cap design incorporates an aluminium ring permanently fixed to the hull and a removable aluminium plug. The plug fits snugly into the aluminium ring. Sealing is achieved with commercially available O-rings. Sealing directly to the PVC hull would have been more desirable; however this option was not taken for two main reasons. First, PVC does not provide a sealing surface as smooth and even as aluminium and is extremely hard to machine in this case due to the size of the pipe. Second, the PVC pipe is not perfectly round and subject to significant variability, which would make any machined aluminium cap subject to poor fit and potential leakage, decreasing reliability. The design choices made can thus better manage these issues. More specifically, the design is based on self-sealing where greater outside pressures enforce greater connection between the cap, seals, and PVC hull portion. The O-ring seal employed is made of nitrile, which is resistant to both fresh and salt water.
Propulsion and steering
The design incorporates 2 horizontal thrusters mounted on both sides of the AUV to provide both forward and backward movement. Yaw is provided by operating the thrusters in opposing directions. The thrusters are 12V dive scooters (Pu Tuo Hai Qiang Ltd, China) that have a working depth of up to 20m. The dive scooters are lightly modified to enable simple attachment to the external frame of the AUV. The thruster mounts consist of two aluminium blocks, which, when bolted together, clamp a plastic tab on each thruster. These clamps provide a strong, secure mount that can be easily removed or adapted to other specifications. The force that can be generated by the thruster is characterized, as shown in Figure 8 . The significant linearity between the thruster force and the applied duty cycle will significantly facilitate the design and implementation of any control scheme. Fig. 8 . Calibration of the motor: force with respect to duty cycle A fluid drag force model is established to evaluate the speed that the AUV can achieve. Figure 9 . shows the relationship between the drag forces with respect to the relative velocity of the vehicle. Under the full load of the two thrusters, the vehicle is able to achieve a maximum forward or backward speed of 1.4m/s (~5km/hour). 
Ballast and depth control
Selection of a suitable ballast system is dependent on various factors, such as design specifications, size and geometry of the AUV hull, depth required, and cost. In this design, the hull is made of a PVC pipe with an outer diameter of 400mm and a length of 800mm. The required working depth is 20m. Hence, the ballast system selected not only has to meet the basic requirements enumerated above, but must also be able to fit in the hull. Preferably, all are at a relatively low cost. First, installing two (2) 160mm inner diameter ballast tanks of 250mm length provides a net force of ±5kg. Additionally, the force required to actuate the piston head at 20m is calculated to be approximately 6000N. To generate such force on the piston head, a powerful linear actuator is needed. The specific linear actuator (LA36 24V DC input, 6800N max load, 250mm stoke length) can be sourced from Linak Ltd in New Zealand. However, the linear actuator has a duty cycle of 20% at max, which means that for every 20s continuous work, it must remain off for 80s before operating again, allowing the AUV to float uncontrolled. In addition, the cost of one linear actuator is US$1036, which would imply that similar actuators with longer duty cycles would cost a larger amount at this time.
Taking the second option, a hydraulic pumping system can be customized from Scarlett Hydraulics Ltd, New Zealand. The overall system has dimensions of 500mm × 250mm × 250mm. It consists of a 1.2KW DC motor, a pump, a 4L hydraulic fluid tank, two dual solenoid valves and two cylindrical tanks. This system meets the required specifications, but has some drawbacks. In particular, it occupies too internal space of the hull, and weighs approximately 20kg (a significant addition of weight). In this case, the overall hydraulic pumping system will cost up to approximately US$2264. The third option air compressor system is cost effective and is easy to operate by controlling the vent and blow valves. However, the lack of accuracy in controlling compressed gas is a major disadvantage. In addition, performance and operating time are limited by the amount of stored gas. In this design, a 10L tank would be needed to fulfil the changes in buoyancy.
In other words, a gas cylinder containing 10L of air compressed to at least 3bar is required for a single diving and rising cycle. Hence, to refill the gas cylinder, the AUV must float to the waters surface before all the air runs out or risk being lost. Regarding the on-site requirement that the AUV should operate for hours, the air tank must either be much bigger or far more highly pressurize, which leads to safety issues. The fourth option thrusters are different from the previous three systems that all had to be installed inside the AUV. In contrast, thrusters can be attached externally. Hence, sealing is not as critical as it is for the other concepts. If the vehicle is trimmed positively buoyant, it is also reasonably fail-safe, unlike the other three methods. Additionally, the thrusters can be sourced from Pu Tuo Hai Qiang Ltd, Zhou Shan, China for US$55/unit, a reduction of 12-20× in cost if two are used. Each thruster fits in a 215mm × 215mm × 80mm box, and is driven by a 12V DC motor with a max thrust force of 5kg under water. By mounting the desired number of thrusters, a wide range of motions can be controlled, such as pitch and roll control. Finally, each concept has its own advantages and disadvantages. Comparisons are summarized in Table 3 . In this design, the major driving factors for the selection of ballast system are the cost and reliability. Piston ballast tank and thruster systems are reliable since these two depth control methods have been widely employed in most autonomous www.intechopen.com underwater vehicle development. Considering the cost, the thruster system is more effective. Hence, the thruster system is chosen as the final design. There are four thrusters vertically mounted around the AUV with one at each corner (See Figure 7) . Mounting four thrusters produces a total of 20kg thrust force at full load, and allows a wide range of motion control. They enable the control of not only the vertical up and down motion, but pitch and roll motions. To achieve this control, each thruster is connected to a speed control module that can be controlled via a central microprocessor. By inputting different digital signals, various forces thus speeds are generated. Therefore, desired motion control can be obtained by different combinations.
Electronics and control

Power supply
For long term operation, this design must locate the power supply on-board, unlike many current models that receive power over an umbilical link (Chardard & Copros, 2002) . Since all the systems onboard the AUV are electric, sealed lead acid batteries are chosen for the power supply. These batteries have high capacity and can deliver higher currents, than other types of rechargeable battery (Schubak & Scott, 1995; Bradley et al., 2001) . They are stable, inexpensive, mechanically robust and can work in any orientation, all of which are important considerations in a vehicle of this type. To supply enough current for the entire machine several batteries have to be joined together. Instead of adding dead weight to achieve neutral buoyancy extra batteries can be added as needed so that the total operating time of the AUV is higher than that required for a given application. It is also highly desirable to locate the battery compartments separate from the main hull so that they can be interchanged in the field without opening the sealed main hull. To accommodate this requirement two tubes are fitted below the hull to house batteries. Within these tubes the batteries are connected to two bus bars. Each battery is fused prior to connecting to the bus bar, and the bars are isolated to the greatest extent possible to increase safety. These bus bars are then wired into the main hull, where a waterproof socket enables the quick interchange of battery compartments. A similar bus system exists inside the hull with connections to motors and electronic power supplies. Each of these internal connections is similarly fused. Longer term, it would be desirable to intelligently monitor the bus to track the state of each battery and overall power consumption.
Central processing unit
The central processing unit is responsible for accessing sensors, processing data and setting control outputs such as motor speeds. Several systems are considered for this unit, an embedded system using microprocessors, FPGAs or a small desktop PC. A microprocessor system, most likely based on an ARM processor would have low cost, size and power requirements and is easy to interface to both analogue and digital sensors, motors and other actuators. The processing power and memory allocations of these microprocessors are all more than sufficient for the simple control tasks likely to be required, but would struggle with larger sensor or processing tasks, such as image processing. An FPGA system would also be small and have low power requirements, but would be more expensive. While FPGAs work very well for fast, complex processing tasks such as image processing, their complexity in design and programming necessitates their use in parallel with other more flexible CPU choices. The last system considered is a small desktop PC. Although a desktop PC is bigger, more expensive and consumes more power than either of the prior two options, it provides immense processing power, memory and a diverse range of peripherals. It is therefore chosen in this initial design for the following primary reasons:  Added power requirements were not an issue since we have a sizeable power supplies.  Processing power is more than adequate for this initial design and future developments.  Large volumes of memory are available, both volatile for program execution and solid state for storage of gathered data.  Despite not having direct access to sensors and control units, a diverse range of peripherals available can be used, including USB, RS232 and Ethernet, enabling a potentially greater range of sensors and sensor platforms for developing broad ranges of specific applications.  A USB module is already provided for a webcam for initial image sensing applications and an Ethernet module is provided for remote connection. An AMD Sempron 3000+ processor and ASUS M2N-PV motherboard are used for this purpose. These models have lower power requirements and heat generation. Software interfaces this unit with sensors and motor controllers, as well as to a remote control PC. An automotive power supply (Exide, Auckland, NZ) is used to provide power for the computer. It takes a 12V DC input and converts it to the ATX standard power supply required by the PC. This module is also designed to be used in an electrically noisy and hostile environment and is ideally suited the specific design situations considered.
Sensors
When the AUV is used autonomously, after development there will be a large and extensive sensor suite onboard. Currently, the sensors onboard measure  water pressure, from which depth can be determined  water temperature, inner hull temperature and humidity  the AUV position in the three principal axes: yaw, pitch and roll  visual or digital image feedback via a webcam. Submersible pressure sensors that are salt water tolerant and can measure up to the pressures required are difficult to acquire at low cost. The sensor chosen was sourced from Mandeno Electronics for US$121. This sensor measures up to twice the depth required, and www.intechopen.com outputs an analogue output between 0 and 100mV. Thermocouples from Farnell Electronics (Christchurch, New Zealand) are used to measure the water temperature, and provide an analogue output relative to the temperature difference between the two ends of the thermocouple. TMP100 sensors (Texas Instruments) are used to measure the base temperature of the thermocouple, and the hulls interior temperature. These sensors give a digital output using the I2C protocol. A HF3223 humidity sensor (Digi-Key) is used to measure humidity inside the hull. A MMA7260QT accelerometer (Freescale Semiconductor) is used to calculate orientation. The accelerometer has a 0-2.5V analogue output. The connection of the sensors is shown in Figure 10 . To eliminate signal noise, An Atmel AT90USB82 microprocessor is connected to the USB ports of the computer to move all noise sensitive data to the acquisition points. The analogue sensors are amplified using an INA2322 instrumentation amplifier, if necessary, and read by an ADS7828 analogue to digital converter. This converter is then connected to the Atmel microprocessor using a common I2C bus with the TMP100. The humidity sensor is attached to a clock input which converts the frequency based signal to a humidity based reading. The microprocessor performs some basic processing on this data, temperature compensating the pressure sensor and thermocouple, and calculating yaw, pitch and roll from the accelerometer readings. Visual or digital image sensing is included via a Logitech webcam connected directly to the on-board computers USB port. The video stream can be sent back over a wireless remote control network connection to the remote PC. At this stage, no image processing is done on this stream on-board, and it is included purely to assist in manual control of the AUV at this time, and for use in later application development.
Propulsion motor driver
For the six motors (two for horizontal propulsion, and four for vertical ballast control), three (3) RoboteQ AX2500 motor controllers are used for control. Each controller is able to control two motors up to 120 amps, much higher than the 25 amps needed by the motors selected. The controllers are controlled via RS232 (serial port) interfaces, which are already available on the computer motherboard. Computer control of the controllers is easily achieved through a LabView or MATLAB interface, either manually or automatically, where both interfaces have been implemented to allow greater user ease of use.
Control system and communications
During testing and development, remote control is required for the AUV. Sensors readings need to be sent to a user, and control signals sent back to the AUV. Displaying the video feed from the webcam is also desired to provide the operator with visual feedback. High frequency radio transmissions are impossible underwater due to the high losses encountered during the air/water boundary (Leonessa et al., 2003) . Lower frequency transmissions could have been used to communicate with the AUV, but they do not possess enough bandwidth to send the required data. An umbilical Ethernet cable is being used for this remote link between the AUV and an external control computer for this development phase. Figure 6 . shows the electronics and control structure. Note that in an actual, developed application, or final development thereof, the robot will be acting autonomously and this umbilical will not be required.
Conclusions and future work
AUVs have a lot of potential in the scientific and military use. With the development of technologies, such as accurate sensors and high density batteries, the use of AUVs will be more intensive in the future. In this book chapter, several subjects of an AUV have been reported. For every subject some of the techniques used in the past and the techniques used nowadays are described. For every aspect a suitable technique for an AUV is given. To show how the state-of-the-art technologies could be used in AUVs, an AUV prototype developed recently at the University of Canterbury has been detailed in design. The AUV was specially designed and prototyped for shallow water tasks, such as inspecting and cleaning sea chests of ships. It features low cost and wide potential use for normal shallow water tasks with a working depth up to 20m, and a forward/backward speed up to 1.4m/s. Each part of the AUV is deliberately chosen based on a comparison of readily available low cost options when possible. The prototype has a complete set of components including vehicle hull, propulsion, depth control, sensors and electronics, batteries, and communications. The total cost for a one-off prototype is less than US$10,000. With these elements, a full range of horizontal, vertical and rotational control of the AUV is possible including computer vision sensing. The overall underwater vehicle will be a good platform for research, as well as for its specific applications, many of which are growing in importance like the sea chest inspection case noted here. The controls of the vehicle are under development. The vertical motion control uses the feedback from the pressure sensor, while the horizontal motion control uses an inertial measurement unit (Microstrain GX2 IMU, VT, USA) to get information about the vehicle attitude and acceleration. The fluidic model (dynamic drag force) of the vehicle will be established by simulation and verified by experimental measurement. This model would be integrated in the control and navigation module of the vehicle.
